Abstract
Introduction
HOW ANIMAL LIVING AT THE Qinghai-Tibetan plateau to acclimatize the environment hypoxia has long been concerned and studied. In the past decades, growing literatures have reported physiologically and ecologically adaptive response at intact, organ or tissue level of the plateau animals under acute or chronic hypoxia, but the underlying mechanisms, in particular, the cellular and molecular mechanisms are not well understood.
Although high altitude native animals show indications of protective adjustment that are lacking in the sea level animals, the nature and essential mechanisms of such adjustment are still being investigated. One of these protective factors is insulin-like growth factor I (IGF-N), synthesized primarily in the liver, which participates in growth and functions of almost every organ in the body (1, 38) . IGF-is also an extremely potent mitogen and cellular growth requires O 2 consumption, suppressing cell growth and proliferation (10) .
Endogenous IGF-also plays a significant role in recovery of tissues from damage (12, 48) . This protective effect is mediated through a receptor IGF-IR and its binding proteins (IGFBPs) which play an "Integrator" role in endocrine growth and IGF-I distribution and bioavailability (9, 19) . Among all the IGFBPs, IGFBP-1 is unique: its expression is dramatically altered by changes in the metabolic state (24, 23). IGFBPs can both enhance and perturb IGF action depending on the tissues, differentiation status of embryonal development, and other factors during hypoxia (4, 5, 11, 17, 44) . IGFBP-1 can also protect against In studies of gene transcription, the hypoxia-inducible factor (HIF-1), a dimmer consisting of HIF-1K and HIF-1Q subunits, stimulates transcription of several hypoxia-activated target genes such as oxygen-depend target genes encoding glucose transporters, glycolytic enzymes (lactate dehydrogenase-A).
HIF-1 is a critical component of the cellular and systemic response to hypoxia in mammals (40) and fishes (33). HIF-1K is unique in being tightly controlled by the cellular oxygen tension: it is continuously degraded under normoxia by the ubiquitin-proteosome system, but it is stabilized by hypoxia (6, 40) . Therefore, increased HIF-1K in tissues suggests an increase in hypoxia-triggered target genes.
The small mammals, Ochotona curzoniae (Hodgson, 1857) and Microtus oeconomus (Pallas, 1776) are the predominant species of native mammals on the China Qinghai-Tibetan plateau alpine meadow; they lives at an altitude of about 3 km and are completely acclimatized to the hypoxic environment (7, 46 ) .
Ochotona curzoniae is a unique model of hypoxic tolerance. We previously reported that acute and chronic simulated altitude hypoxia of 5 km, did not cause any significant biochemical alteration in the permeability of lysosomal membrane and protease activity of hepatic cells in these native high altitude mammals. In contrast, in lowland rats, mice, and guinea pigs, there was hepatic cell damage shown by extensive cytolysis (8, 26, 27) . We hypothesize that the hepatic IGF-and IGFBP-1, as survival factors, may be crucially involved in Page 5 of 50 6 rapid adaptive shifts in cell survivals and/or protection during hypoxia exposure.
The present experiments compare the changes between lowland mice and plateau native mammals in hepatic HIF-1K, IGF-, and IGFBP-1 as well as in the key enzyme genes in anaerobic and aerobic energy metabolism pathway:
LDH-A, ICD, and SDH mRNA induced experimentally by CoCl 2 injection.
Dramatic differences in these genes in native mammal are expected when compared with laboratory mice under normoxic and CoCl 2 mimicing hypoxic conditions. The results of this study provide novel evidence and possible mechanisms (a "multimode" response) of adaptation under hypoxia in lowland mice and plateau native mammals. In addition, the adaptive response to hypoxic damage may serve as another example of plastic adaptive response to hypoxia. (Fig.11) . All animals were maintained at 12:12 h light/dark cycle (light on 06:00-18:00 hour), at room temperature 20 ± 2°C, and with free access to food and water according to NIH guidelines for laboratory animal care. The project was approved by the National Science Foundation of China, Laboratory Animals Center of China, and the local animal administration authority. Mice were housed in a group of six whereas each native animal was housed separately. All animals were adapted to the conditions for 1 week prior to the experimental manipulation.
MATERIALS AND METHODS

Animals
Mimicing hypoxia. Co
2+
has been shown to be a substrate for ferrochelatase and therefore to be incorporated into the porphyrin moiety, resulting in Co 2+ -protoporhyrin IX (CoPP) which cannot bind O 2 and CoCl 2 injection reduces key enzyme of haem synthesis as well as mimics venous pO 2 (reducing concentration of pO 2 in the blood) (20) . CoCl 2 has been used by lots of researchers for mimicking hypoxia, so we used it in our present study.
Mimic cellular hypoxia was performed by an intraperitoneal (i.p.) injection of CoCl 2 (the hypoxia-mimic compound: cobalt chloride of 20, 40, 60 mg/kg). Overall hypoxia operations were started at 10:00 AM. The normobaric hypoxia and CoCl 2 mimicking hypoxia for the Tibetan mammals were carried out at 2.3 km altitude in the Xining Lab(The Northwest Plateau Institute of Biology, The Chinese Academy of Sciences), for the lab mice were carried out at about sea level in the Zhejiang University Lab.
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Tissue preparation. Animals were rapidly decapitated, trunk blood was collected, and centrifuged at 3,000 g for 30 min, and plasma was collected and stored at -80 until assayed. The livers were quickly removed from the animals, frozen immediately in liquid nitrogen and stored at -80°C freezer. Serial 20 µm liver sections were cut with a cryostat microtome (HM505-E, Germany). The sections were thaw mounted on gelatin-coated slides, desiccated under vacuum overnight, and stored at -80°C until use.
Immunohistochemistry. Immunohistochemical studies were performed on tissue section as previously described (36). Sections were fixed in fresh chilled 
Quantitative analysis
The immunoreactive densities of HIF-1K, IGF-and IGFBP-1 in livers were determined using Optimas 6.5 Software (USA). In brief, sections were placed under a microscope (Nikon, TE2000) and the images were transferred via a digital camera (Nikon CoolPix 950) to a computer. The mean density of the positive area was measured. Five separate positive regions in each section were selected. Six sections were examined from each animal. The results were expressed as the percentage of relative optical density units (in arbitrary units) compared with the control groups. Control groups were given the value of 100%; optical densities obtained in six sections per animal were averaged and used to calculate group means after being subtracted from a mean of controls.
Statistical analysis
The data are presented as the means ± SD. The significance of differences was assessed with Student's t-test and one-way ANOVA with Duncan's test. The SPSS statistical package (Version 11.0) was utilized for the analysis, statistical significance was accepted at a P level of <0.05.
RESULTS
Effects of CoCl 2 mimic hypoxia on hepatic HIF-1 protein expression in mice,
M. oeconomus, and O. curzoniae
The changes of hepatic HIF-1 , IGF-I, and IGFBP-1 protein express in response to injections of 20, 40, and 60 mg/kg CoCl 2 are summarized in Table 1 
Effects of normobaric hypoxia on hepatic HIF-1 protein expression in mice,
M. oeconomus, and O. curzoniae
The changes of hepatic HIF-1K protein in response to normobaric hypoxic stress of 16.0 %, 10.8% and 8.0 % O 2 of sea level are summarized in Table 2 The data (IGF-I in M. oeconomus and IGFBP-1 in mice) measured by histoimmunochemistry ( Fig.3A and Fig.4A ) are confirmed by Western blot analysis ( Fig.3B and 4B ). curzoniae at 3, 6, and 12 hours after injection of CoCl 2 (40 mg/kg), while IGFBP-1 expressions were markedly increased at 6h by 93.5 %(1.9 ± 0.2, P<0.01 vs. control) and 12h by 1.3%(2.3 ± 0.2, P<0.01 vs. control) after administration (Fig. 5) .
Time course shifts of hepatic HIF-11, IGF-, IGFBP-1 protein expressions
The data (IGFBP-1) measured by histoimmunochemistry (Fig.5A ) are confirmed by Western blot analysis (Fig.5B) .
Effects of CoCl 2 on hepatic IGF-mRNA and IGFBP-1 mRNA expressions
Hepatic IGFBP-1 mRNA expression was markedly increased at 6 h after the injection of CoCl 2 (20 and 40 mg/kg) in mice (Fig. 6A) , while did at 6 hours and maintained up to 12 hours in O. curzoniae after the injection of CoCl 2 (40 mg/kg) (Fig. 6C) . Hepatic IGF-I mRNA expression was unchanged by CoCl 2 injection in mice (Fig. 6A) and O. curzoniae but increased only in M. oeconomus after the CoCl 2 injection (60 mg/kg) (Fig. 6B) .
Effects of CoCl 2 on plasma IGF-I and IGFBP-1 protein level
Plasma IGF-I protein levels (by ELISA analysis) were significantly increased in M. oeconomus, and unchanged in mice and O. curzoniae after injection of CoCl 2 , 40 mg/kg (Table 1, Fig. 7A ). Plasma IGFBP-1 protein levels were unchanged in the three species after injected with this CoCl 2 ( Table 1, Fig. 7B ). Fig. 8C ). may also produce an inhibition of HIF-alpha-hydroxylases that is widely regarded as the main mechanism of cobalt action that could influence the stabilities of HIF-1 alpha. In the present study, a significant increase in hepatic HIF-1K proteins occurred in sea level lab mice but not in plateau mammals after an injection of 20 mg/kg CoCl 2 (Fig.1) . We, at the same time, operated normobaric hypoxia (low pO 2 in mixed O 2 /N 2 ) and found that 16% (light), 10 .8% (middle), and 8.0% O 2 (severe hypoxia) also markedly caused an increase of HIF-1K protein in the liver of mice and did also only by 8.0%O 2 in M.
Effects of normobaric hypoxia on hepatic LDH-
oeconomus, but did not in O. curzoniae (Fig.2) . This increased HIF-1K emphasizes the high sensitivity of sea level mice in contrast the greater resistance of high-altitude plateau animals to both mimic hypoxia. These data suggest that (a) both CoCl 2 mimic hypoxia and normobaric hypoxia can induce HIF-1K expression through a low pO 2 supply in tissues and cells, although the hypoxia pattern are different; (b) there are diverse responses of the HIF-1K to hypoxia among the three species not only between sea level mice and plateau mammals but between the plateau mammals; (c) the response of HIF-1K to normobaric hypoxia is conditioned in M. oeconomus, e.g., a severe hypoxia (8.0%O 2 ) is required, compared to marked increased response in mice and no response in O. curzoniae to all the doses of normobaric hypoxia (Fig.2) . The mice response to hypoxia in our present study is conformed to that induced by hypoxic ischemia and preconditioning (3, 16) . In our data, these observations in different animal species suggest that different responsiveness of HIF-1K represent a diverse mechanism of hypoxia adaptation and a (Fig.3) ; thus, this increase may not be directly correlated with HIF-1K, as HIF-1K keeps silent during CoCl 2 challenge (Fig.1) , however in normobaric hypoxia model an increased HIF-1K was noted only under 8.0%O 2 in M. oeconomu (Fig.2 (Fig.1, 4 and 5); it is possible that different transcriptional mechanisms operate for both IGF-I and IGFBP-1 activations not only between mice and plateau mammals, but also between the two types of plateau native animals.
Diversities of LDH-A and ICD Genes Expression
Both LDH-A and ICD genes are the hypoxia targeting genes. We found in this work that LDH-A genes encoding LDH-A enzymes (modulating anaerobic metabolism) were markedly up-regulated as shown by the increased LDH-A mRNA; while ICD genes encoding ICD enzymes (modulating aerobic metabolism, TCA) via an unknown modulator are down-regulated by CoCl 2 20 mg/kg and by normobaric hypoxia (all doses of pO 2 ), as shown by the decreased ICD mRNA in the liver of mice (Fig.8, Fig.9A, and Fig.9B ). In contrast to the mice, in the Tibetan native mammals, O. curzoniae and M. oeconomus, 20 Fig.8, Fig. 9Aዊand Results shown are representative of 3 independent experiments, *P<0.05, compared with the controlዊrespectively. 
